Rapid changes in extracellular osmolarity are one of many insults microbial cells face on a daily basis. To 11 protect against such shocks, Escherichia coli and other microbes express several types of transmembrane 12 channels which open and close in response to changes in membrane tension. In E. coli, one of the most 13 abundant channels is the mechanosensitive channel of large conductance (MscL). While this channel has 14 been heavily characterized through structural methods, electrophysiology, and theoretical modeling, 15 our understanding of its physiological role in preventing cell death by alleviating high membrane 16 tension remains tenuous. In this work, we examine the contribution of MscL alone to cell survival after 17 osmotic shock at single cell resolution using quantitative fluorescence microscopy. We conduct these 18 experiments in an E. coli strain which is lacking all mechanosensitive channel genes save for MscL whose 19 expression is tuned across three orders of magnitude through modifications of the Shine-Dalgarno 20 sequence. While theoretical models suggest that only a few MscL channels would be needed to alleviate 21 even large changes in osmotic pressure, we find that between 500 and 700 channels per cell are needed 22 to convey upwards of 80% survival. This number agrees with the average MscL copy number measured 23 in wild-type E. coli cells through proteomic studies and quantitative Western blotting. Furthermore, we 24 observe zero survival events in cells with less than 100 channels per cell. This work opens new questions 25 concerning the contribution of other mechanosensitive channels to survival as well as regulation of their 26 activity. 27 1 Importance 28 Mechanosensitive (MS) channels are transmembrane protein complexes which open and close in 29 response to changes in membrane tension as a result of osmotic shock. Despite extensive biophysical 30
rates into a single data set, we chose to separate the data into "slow shock" ( < 1.0 Hz) and "fast shock" 163 (≥ 1.0 Hz) classes. Other groupings of shock rate were explored and are discussed in the supplemental 164 information (Shock Classification). The cumulative distributions of channel copy number separated by 165 survival are shown in Fig. 4 . In these experiments, survival was never observed for a cell containing less 166 than approximately 100 channels per cell, indicated by the red stripe in Fig. 4 . This suggests that there 167 is a minimum number of channels needed for survival on the order of 100 per cell. We also observe a 168 slight shift in the surviving fraction of the cells towards higher effective copy number, which matches 169 our intuition that including more mechanosensitive channels increases the survival probability. . However the copy number distribution for each Shine-a true single-cell measurement and represents a population mean, even though it may be a smaller population than binning by the Shine-Dalgarno sequence alone. In both of these approaches, it is 187 difficult to extrapolate the quantitative trend outside of the experimentally observed region of channel 188 copy number. Here, we present a method to estimate the probability of survival for any channel copy 189 number, even those that lie outside of the experimentally queried range. 
Under this assumption of linearity, β 0 is the log-odds probability of survival with no MscL channels.
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The slope β 1 represents the change in the log-odds probability of survival conveyed by a single channel.
200
As the calculated number of channels in this work spans nearly three orders of magnitude, it is better 
In this analysis, we used Bayesian inferential methods to determine the most likely values of the 206 coefficients and is described in detail in the supplemental information (Logistic Regression).
207
The results of the logistic regression are shown in Fig. 5 . We see a slight rightward shift the survival 208 probability curve under fast shock relative to the slow shock case, reaffirming the conclusion that 209 survival is also dependent on the rate of osmotic shock (4). This rate dependence has been observed for 210 cells expressing MscL alongside other species of mechanosensitive channels, but not for MscL alone.
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This suggests that MscL responds differently to different rates of shock, highlighting the need for further 212 study of rate dependence and the coordination between different species of mechanosensitive channels. 
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Over the explored range of MscL copy number, we observed a maximum of 80% survival for any bin-220 ning method. The remaining 20% survival may be attained when the other species of mechanosensitive 221 channels are expressed alongside MscL. However, it is possible that the flow cell method performed 222 in this work lowers the maximal survival fraction as the cells are exposed to several, albeit minor, 223 mechanical stresses such as loading into the flow cell and chemical adherence to the glass surface. To 224 ensure that the results from logistic regression accurately describe the data, we can compare the survival 225 probabilities to those using the binning methods described earlier (red and black points, Fig. 5 ). Nearly Thus far, we've dictated that for a given rate of osmotic shock (i.e. "fast" or "slow"), the survival 231 probability is dependent only on the number of channels. In Fig. S7 , we show the result of including measurements, however, measure the active number of channels. The factors regulating channel activity in these experiments could be due to perturbations during the sample preparation or reflect some 319 unknown mechanism of regulation, such as the presence or absence of interacting cofactors (41). The 320 work described here, on the other hand, measures the maximum number of channels that could be active 321 and may be able to explain why the channel abundance is higher than estimated by theoretical means.
322
There remains much more to be leared about the regulation of activity in these systems. As the in vivo 323 measurement of protein copy number becomes accessible through novel single-cell and single-molecule 324 methods, we will continue to collect more facts about this fascinating system and hopefully connect the The bacterial strains are described in Table S1 . The parent strain for the mutants used in this study 330 was MJF641 (5), a strain which had all seven mechanosensitive channels deleted. The MscL-sfGFP 331 coding region from MLG910 (3) , recombineering (42) . The oligos had a factor was therefore computed as
We used Bayesian inferential methods to compute this calibration factor taking measurement error and 435 replicate-to-replicate variation into account. The resulting average cell area and calibration factor was 436 used to convert the measured cell intensities from the osmotic shock experiments to cell copy number.
437
The details of this inference are described in depth in the supplemental information (Standard Candle 438 Calibration).
439
Logistic regression 440 We used Bayesian inferential methods to find the most probable values of the coefficients β 0 and β 1 441 and the appropriate credible regions and is described in detail in the supplemental information (Logistic 
where g and f represent probability density functions over parameters and data, respectively. The 452 likelihood f (n |p s , N) represents the probability of measuring n survival events, given a total of N 453 measurements each with a probability of survival p s . This matches the story for the Binomial distribution 454 and can be written as
To maintain maximal ignorance we can assume that any value for p s is valid, such that is in the range [0, 
N observations, f (n | N). Assuming all observations are equally likely, this can be written as
where the addition of one comes from the possibility of observing zero survival events. Combining
460
Eqns. 6, 7, 8, the posterior distribution g(p s | n, N) is 461 g(p s | n, N) = (N + 1)! n!(N − n)! p n s (1 − p s ) N−n .
The most probable value of p s , where the posterior probability distribution given by Eq. 9 is 462 maximized, can be found by computing the point at which derivative of the log posterior with respect 463 to p s goes to zero, 464 d log g(p s | n, N) dp s = n p s − N − n 1 − p s = 0.
Solving Eq. 10 for p s gives the most likely value for the probability,
So long as N >> np * s , Eq. 9 can be approximated as a Gaussian distribution with a mean p * s and a 
